Introduction

34
Aerosols affect Earth's climate by scattering solar radiation and acting as cloud conden-35 sation nuclei [Boucher et al., 2013] and thus they significantly affect the radiation balance within 36 the Earth's atmosphere. Sulfur is transmitted into the Earth's atmosphere as gaseous SO 2 and 37 other gaseous sulfur species. These species are transformed into gaseous sulfuric acid through 38 atmospheric oxidation. The gaseous sulfuric acid generates new atmospheric aerosol particles gesting that sulfuric acid is a key compound in atmospheric new particle formation in the Earth's 45 troposphere. However, in the lower troposphere also additional compounds are required to sta-46 bilize the sulfuric acid clusters [Sipilä et al., 2010; Zhao et al., 2010; Petäjä et al., 2011] and 47 els for the Venusian atmosphere, which is much drier than the Earth's atmosphere.
144
The model behind the present parameterization differs form the model used in Vehkamäki 145 et al. [2002] and Vehkamäki et al. [2003] in three respects: first we now use analytical formu-146 lae for the second derivatives of the formation free energy, since the numerical derivatives were 147 unstable at the one-component limit. Second, the cluster distribution in the nucleating vapor 148 is normalized via a known reference concentration, which in Noppel et al. [2002] and Vehkamäki 149 et al. [2002] was taken to be the sulfuric acid dihydrate. Here, here we use the full monomer 150 hydrate distribution in the normalization process instead of only the dihydrate. This modified 151 approach ensures a smooth transition into a one-component system in the pure sulfuric acid 152 limit. Third, the reference sulfuric acid monomer hydrate distribution is based on more accu-153 rate quantum chemical results [Kurtén et al., 2007; Henschel et al., 2014] In the presence of water, the total concentration of sulphuric acid molecules can be sig-156 nificantly larger that the concentration of free sulphuric acid monomers, and a large fraction 157 of acid molecules is bound to hydrates. In the conditions of Earth's atmosphere, the concen-158 tration of water is approximately ten orders of magnitude higher than that of sulphuric acid, 159 and thus the total concentration of water molecules can be considered equal to the concentra-160 tion of free water monomers, as pure water cluster formation does not play a significant role 161 either. In the very dry conditions studied in this work, this is not necessarily true and the dis-162 tinction between total concentration of water and concentration free of water molecules must 163 be kept in mind. By definition relative humidity used as an input parameter in the parameter- 164 izations is proportional to the concentration of free water molecules.
165
3 Size and nature of the ions 166 If the free energy of formation as a function of cluster size in ion-induced particle for-167 mation exhibits a barrier, the equation yielding the critical cluster radius has two solutions: a 168 stable (in one dimensional representation free energy minimum) pre-nucleation cluster repre-169 senting the ion in surrounded by a few molecules, r * 1 , and the actual metastable (free energy 170 maximum) critical cluster r ergetics of nucleation. While an extension of the theory to relax this condition is possible, it 174 is beyond the scope of this study. Thus, care should be taken to ensure that the ions are small 175 enough to satisfy this condition always when this parametrization is applied. For the whole 176 validity range of the parametrization the radius r * 1 varies between 0.6 nm -1.4 nm. Ion size 177 has a very minor effect on the kinetics of nucleation, which has been ignored in this study as 178 this produces an error insignificant compared to other sources of uncertainty in the nucleation 179 rates. We have used ion radius 0.487 nm corresponding to the bisulphate ion in all the cal-180 culations.
181
In the Earths atmosphere, the dominant molecular anions (HSO is appropriately accounted for.
203
In laboratory conditions, molecular ions of arbitrary size can be created for example in 204 the form of charged metal clusters. In contrast to the charged biomolecules discussed above,
205
heterogeneous nucleation onto such core ions may in principle be described fairly well by clas-206 sical theory, as the charge can be delocalized over the entire (more or less spherical) cluster.
207
When applying the classical theory to such studies, the effect of ion size on the nucleation bar-208 rier must therefore be taken into account.
209
Particle formation parameterizations
210
Parameterizations are given for neutral and ion-induced particle formation rates and crit-211 ical cluster sulfuric acid mole fraction, radius and total number of molecules in the cluster. We 212 also provide parameterizations for the limit at which particle formation becomes kinetic in both 213 neutral and ion-induced cases, that is, the conditions where the free energy barrier limiting the 214 particle formation rate disappears. Analytical equations are given for calculating the particle 215 formation rate in the kinetic regime. Moreover, a parameterization for the threshold sulfuric 216 acid concentration that yield a neutral particle formation rate of 1 cm −3 s −1 is given for three 217 separate, but contiguous, temperature ranges (in the lowest temperature range particle forma-218 tion is kinetic).
219
In the following we present the parameterizations and compare the obtained theoretical
220
and parameterized results with each other and also, in the neutral case, with the theory and 221 parameterization of Vehkamäki et al. [2002] .
222
The validity of the neutral nucleation parameterization is limited to relative humidities 223 from 0.001% to 100%, sulphuric acid concentration from 10 4 to 10 13 cm −3 , and to temper-
224
atures from 165 to 400 K. The results of the parameterization are valid only if the resulting 225 particle formation rate is J >10 −7 cm −3 s −1 and the number of sulfuric acid molecules in the 226 critical cluster is n * a >1. The limit n * a =1 is related to particle formation becoming kinetic.
227
We have developed another parameterization that gives the sulfuric acid concentration required 228 for the kinetic limit as a function of relative humidity and temperature.
229
The validity of the ion-induced nucleation parameterization is limited to relative humidi-
230
ties from 10 −5 % to 100%, sulphuric acid concentration from 10 4 to 10 16 cm −3 , and the tem- and, as for the neutral case, total number of sulfuric acid molecules in the critical cluster is 234 n * a >1, since below this limit particle formation becomes again kinetic. This ion-induced ki-235 netic limit is described by another parameterization. The ion-induced particle formation rate 236 has to be multiplied by the actual negative ion concentration (typically some hundreds to some 237 thousand negative ions cm −3 ) to get rates in the conditions investigated. Depending on the chem-238 istry of the atmosphere studied, negative ion concentration can depend on the sulphuric acid 239 concentration and vice versa. As the input values of our parameterization, these two concen-
240
trations are treated as independent variables, and the coupling between them in the studied case 241 can be specified before calling the parametrization.
242
The particle formation calculations using the parameterizations are orders of magnitude 
Neutral particle formation
250
The mole fraction of sulfuric acid in the critical cluster, valid for both neutral and ion-251 induced case, is given by
where ρ a is the total gas phase concentration of sulfuric acid (1/cm 3 ), T is the absolute tem-253 perature and RH is the relative humidity in %.
254
The particle formation rate is given by an exponential of a third order polynomial of ln(RH/100) 255 and ln(ρ a )
where the coefficients a(T, x * ) . . . j(T, x * ) are functions of temperature and critical cluster 257 mole fraction x * (calculated using equation (1)): the number of water molecules in the critical cluster) is given by
where the coefficients A(T, x * ) . . . J(T, x * ) again depend on temperature and critical cluster x * .
The radius of the critical cluster is given as a function of the mole fraction and the to- (4) 
For the range 155-185 K where particle formation is kinetic, the threshold concentration pa-275 rameterization is:
The following equations give the parameterization for the total concentration of sulfu-277 ric acid at the kinetic limit (as a function of RH and T ). These equations are to be used to 278 check if the conditions are such that particle formation is kinetic, in which case the Eqs. (11) 279 and (12) should be used to calculate the particle formation rate instead of Eq. (2). Here we 280 divided the relative humidity range in three parts (RH=1%-100%, 0.01% -1% and 0.0005%
281
-0.01%) to ensure a good quality of the fits. The kinetic limit sulfuric acid concentration (above 282 which particle formation is kinetic) for RH=1%-100% is:
The kinetic limit sulfuric acid concentration for RH=0.01%-1% is:
The kinetic limit sulfuric acid concentration for RH=0.0005%-0.01% is:
The neutral particle formation rate in the kinetic range (J kin ) can be easily calculated via the following equations [Merikanto et al., 2015] :
where 
Ion-induced particle formation
288
In the following we present the parameterizations for ion-induced particle formation rate,
289
the number of molecules in the critical cluster and the critical cluster radius as functions of 290 ρ a , the total gas phase concentration of sulfuric acid (cm −3 ), T , the absolute temperature, and 291 RH, the relative humidity in %. The kinetic limit sulfuric acid concentration parameteriza-
292
tion is given as a function of temperature T and relative humidity RH. Note that the critical 293 cluster mole fraction can be solved from the same equation for both neutral and ion-induced (1)) can be used for both particle formation types.
296
The ion-induced particle formation rate for the assumed negative ion concentration of 297 1 cm −3 is given by the following dependence on ln(RH/100) and ln(ρ a ) (the actual parti-
298
cle formation rate is obtained by multiplying with the actual ion concentration in cm −3 ):
where the coefficients f J N are functions of temperature T as follows:
and the coefficients a 1−5,N for each f J N (T ) are given in Table 1 . as a function of ln(RH/100) and ln(ρ a ) with the following expression:
where the coefficients f n N are functions of temperature T as follows:
and the coefficients b 1−5,N for each f n N (T ) are given in Table 2 .
304
The critical cluster radius for ion-induced particle formation can be evaluated using the 306 following expression:
where the coefficients f r N are functions of temperature T as follows:
and the coefficients c 1−4,N for each f r N (T ) are given in Table 3 .
308 18 -2.7556572017167782·10 The sulfuric acid threshold concentration (in cm −3 ) for kinetic ion-induced particle for- In the kinetic range the ion-induced particle formation can be described with the following equation [Merikanto et al., 2015] : 
How to apply the parameterizations in practice?
315
For simplifying the use of the parameterizations, we are distributing Fortran codes in the 1. The total particle formation rate is the sum of neutral and ion-induced cases: Table 3 Threshold ρ 3. The ion-induced particle formation rate is directly proportional to the negative ion con- Finally, we provide a quick reference of the different parameterizations in Table 4 .
334
Results
336
In this section, we compare the new theoretical particle formation rates [Merikanto et ization and 2) with the new parameterization, and we will present this comparison as well. The ratio of the theoretical and the parameterized particle formation rates (Fig. 1) shows 363 that in the whole range of particle formation rates most of the cases are within one order of −2 ). However, the largest discrepancies between the theoretical and the parameterized 375 particle formation rates are either at insignificantly low particle formation rates, where the par-376 ticle formation is practically zero, or at extremely high particle formation rates where parti-
377
cle formation rate is not the limiting factor for appearance of particles of atmospheric rele-378 vance, but also growth and loss processes play a major role. 
386
The difference between the theoretical and the parameterized total number of molecules 387 n tot in the critical cluster seen in Fig. 3 shows a best fit for small n tot with larger absolute 388 deviations appearing the larger the n tot is. The values of n tot vary from 1 to 200, with the 389 large total numbers corresponding to very small particle formation rates, with a lower limit 390 of J=10
−7 cm −3 s −1 . The deviations range between -3 and +5 molecules at n tot =40 and n tot =55,
391
respectively, giving a relative error of less than 10 %.
392
The critical cluster radii vary approximately between 0.28 nm and 1.2 nm (Fig. 4) with 393 the ratio of the theoretical and the parameterized radii ranging between 0.98 and 1.07.
394 Figure 5 shows the behavior of the particle formation rate for several sulfuric acid con- 
437
This leads to a lower particle formation barrier, and a larger value for the exponential term in 438 the particle formation rate equation. At the same time the particle formation kinetics slows down,
439
but the growth of the exponential term dominates. However, we can see that this is valid only 440 down to temperature of 190 K (see Fig. 7 ), around which the kinetic regime is entered. Be-441 low this, the necessary acid concentration starts to increase with decreasing temperature. This can be explained by the vanishing particle formation barrier, leaving the kinetics as the de-
443
termining factor. Since the kinetic processes slow down with decreasing temperature, a higher 444 acid concentration will be required to maintain the same particle formation rate. This behav-
445
ior was not seen in Vehkamäki et al. [2002] , since they limited their cluster sizes to n tot > 446 4, whereas we go down to n tot > 1, and also model specifically the kinetic range. Note that 447 in Fig. 7 the data points behave in a step-like manner only because of the coarse resolution 448 of the sulfuric acid concentration grid.
449
The kinetic limit is described as the threshold sulfuric acid concentration above which model. The leftmost panels show zonal mean particle formation rates calculated with the Vehkamäki et al.
[2002] parameterization and the middle panels the rates calculated with the new parameterization. The formation rates are presented as function of latitude and pressure. The rightmost panels show the ratio of the particle formation rates given by the new parameterization to the ones calculated with Vehkamäki et al.
[2002]. The upper panels show results for January and the lower panels for July. overestimation by the parameterization being 3·10 4 and largest underestimation 8·10 2 ).
496
The parameterization for the number of molecules in the critical cluster (Fig. 10) over-
estimates the values at most by about 40% and underestimates the values by almost 50% in 498 the smallest cluster sizes in some isolated cases, but overall the differences are smaller. of the radius at smallest sizes and underestimation at the largest sizes. The maximum devi-501 ations remain below 8%.
502
The parameterization for the sulfuric acid concentration at the kinetic limit is within 15% 510 Figure 12 shows a detailed comparison between the theoretical ion-induced particle for-518 mation rates (symbols) and the parameterized ones (lines). The kinetic range is shown in black.
519
The ion-induced nucleation rate parameterization (solid lines) follows well the theory (trian- furic acid concentration above which particle formation is kinetic.
543
The ion-induced parameterization behaves overall as well as the neutral one, with the 544 parameterization mainly overestimating by 3-4 orders of magnitude the particle formation rates 545 at very low and high theoretical formation rates. For the critical cluster radius the relative dif-546 ferences are always below 8%, but for the number of molecules in the critical cluster the dif-547 ferences can reach almost 50%. The kinetic limit is well described by the parameterization,
548
the relative difference being always below 15%.
549
We recommend using the new model and the improved parameterizations from now on and numerical tests to ensure correct behavior of the two-component particle formation model 564 at the one-component limit.
565
The general expression for nucleation rate J is the collisions of clusters of size n a , n w with the critical cluster:
n a n w (r * + r)
where N c stands for the largest hydrate accounted for. The matrix W * contains the sec- ter (W aa ,W aw ,W ww ), which can be written as follows:
where A a and A w are, respectively, the gas phase activities of acid and water.
576
Here ρ(n a , n w ) is the concentration of clusters containing n a sulfuric acid molecules 577 and n w water molecules, m * and r * are the mass and the radius of the critical cluster, and m 578 and r are the mass and the radius of the cluster colliding with the critical cluster. ters only and water-acid clusters, and coefficient R aw contains terms representing only water-597 acid clusters, and thus it can be concluded that for nearly pure acid case R aa >> R wa , R aa >> 598 R ww .
599
In this case the determinants of the matrices can be approximated as det In the cases of two-component nucleation at the one-component limit we thus get: 
611
This can be understood as follows: For numerical reasons the sulfuric acid mole frac-612 tion in the critical cluster can not be set to exactly one (in our study we used x = 0.99 at 613 most), and as a consequence, water has necessarily a role in the process. Mathematically, in 614 the hypothetical case of x = 1, some elements of matrices R * and W * would be zero or in-615 finite and these matrices would thus be ill-behaved. In CNT the main contribution to the nu- by integrating over all these secondary paths giving rise to a factor (2πkT /W ww ) seen in 620
Eq. (A.15). As the second derivative W ww does not approach 2πkT even though ρ a >> ρ w ,
621
this factor does not reduce to unity at the one-component limit. It must also be noted that be- 
